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Abstract
Hybrid vehicle utilizes electric motor as one of the prime mover in its system. One of the hybrid vehicles available in the 
Indonesian market today is the 2012 Toyota Camry Hybrid. Camry Hybrid uses PMSM (Permanent Magnet Synchronous 
Motor)as the main electrical drive for the vehicle’s drive system. In this paperit will be investigated the performance of PMSM in 
Camry Hybrid’s drive system, including torque and speed output of PMSM, and how much power required for the PMSM in EV 
(Electric Vehicle) Mode of the Camry Hybrid. Performance testing of the vehicle on EV mode, was conducted by performing 
dyno test . Also simulation using Advisor software was done toverify the characteristics of the motor during EV mode.
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1. Introduction
The advance in technology today has enabled human to travel with electrical energy source (i.e. electric cars), or 
combination between fossil fuel and electric energy (i.e. hybrid cars). Electric cars and hybrid cars is mass produced 
and marketed in advanced countries and other developing countries. The existing technology is also continuously 
developed to achieve optimum performance. Indonesia has started the development of electric and hybrid cars. 
There are already several prototypes developed by universities and other institutions, which includes ITB (Institut 
Teknologi Bandung) as part of this development program. This program is aimed to create national-scale electric 
car. With this program, Indonesia is expected to be able to produce its own electric cars which can be used by 
Indonesian public in the future.
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At present time the technology for electric propulsion of hybrid cars is still developed. One of them is PMSM 
(Permanent Magnet Synchronous Motor). The explanation that follows is consistent to the main focus of this 
research, which is Camry Hybrid that utilizes hybrid technology and uses PMSM in its system. The goal of this 
research is to understand torque and speed output of the PMSM that is used in Camry Hybrid 2012, and also the 
power required by the PMSM in the vehicle’s EV (electric vehicle) mode.
2. EV Mode In Camry Hybrid 2012 and Simulation
Toyota has developed its own hybrid system that is used in all of the company’s hybrid vehicles, called Hybrid 
Synergy Drive (HSD). This system is a series-parallel hybrid system, which is shown by Fig. 1.
Fig. 1.Toyota’s Hybrid Synergy Drive configuration [1]
There are two main operation modes in Camry Hybrid: EV mode and full hybrid mode. In full hybrid mode, the 
electric motor and ICE works together; while in EV mode, only the electric motor drives the vehicle. EV mode in 
Camry Hybrid can be used only if the vehicle is traveling up to 45 km/h [2]. Above that speed, the system’s 
computer will start the ICE and the vehicle enters full hybrid mode.Fig. 2 shows how HSD works during start and 
low to mid-range speeds. In these conditions, the engine stops when in an inefficient range, such as start-up and in 
low to mid-range speeds. The vehicle runs on the motor alone [1].
Fig. 2.Hybrid Synergy Drive operation in EV mode [1]
The electric motor used in Hybrid Synergy Drive is PMSM (Permanent Magnet Synchronous 
Motor).PMSM is one of the electric motors that utilize permanent magnet in its structure, thus the elimination of 
brush usage as seen in brushed DC motors. It gives a great advantage in terms of motor maintenance, because there 
is no more brush that needs to be looked after. Other advantages by using PMSM are high efficiency, high torque-
current and torque-volume ratio, compact motor structure, and fast response. The high efficiency comes from the 
elimination of the brush and also the utilization of permanent magnet which eliminates copper losses in rotor [3].
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Fig. 3.PMSM with one permanent magnet pole pair [4]
Fig. 4.Torque – torque angle characteristics of PMSM [5]
Characteristics between torque and torque angle of PMSM is shown by Fig. 4. From this curve we can see that 
the torque angle when maximum torque occurs varies according to the magnitude of stator current used. 
Relationship between torque angle and maximum torque as the function of the stator current used is very important 
to determine optimum working point of the motor [5].
The following are the specifications of PMSM used in Camry Hybrid 2007.
Table1. PMSM specifications for Camry Hybrid 2007 [6].
Design Feature Camry Hybrid
Motor peak power rating 105 kW @ 4500 rpm (disputed to 
be 70 kW)
Motor peak torque rating 270 Nm (667 after speed reduction 
gear)
Top rotational speed 14,000 rpm (5,670 rpm after speed 
reduction)
PMSM rotor design Interior permanent magnets (PMs) 
with “V” configuration at each pole 
with a reinforcement web in the 
laminations (middle of the V) to 
enable high-speed operation
Motor winding configuration Parallel
Number of rotor poles 8
PMSM cooling Oil circulation with water/glycol 
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heat exchanger
Here are the pictures of the PMSM in the hybrid transaxle of Camry Hybrid 2007.
Fig. 5.PMSM in Camry Hybrid 2007 transaxle [6]
Fig. 6.PMSM rotor used in Camry Hybrid 2007 [6]
Fig. 7.PMSM stator used in Camry Hybrid 2007 [6]
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Simulation of PMSM in EV mode was done by using ADVISOR. The result is shown by Fig. 8.
Fig. 8.Simulation in EV mode using ADVISOR
The vehicle’s speed is slowly increased, meaning by using linear acceleration that is 0.83 m/s2, from 0 up to 45 
km/h. The gross weight of the vehicle is 2100 kg, assumed there are 5 passengers including the driver with luggage 
and full fuel tank. It is also assumed that there is a drag coefficient 0.28 and friction between the wheels and the 
road.
3. Testing
Testing on EV mode of Camry Hybrid was done by running dyno test on the vehicle. Toque versus speed output 
curve of the test is shown by Fig. 9.
Before proceeding to the explanation about the output characteristics of PMSM based on the test, there are 
several factors made that are important in the calculations. First is dyno multiplying factor (fpd) by 6.31. This factor 
is the ratio between the torque from the curve and the torque calculated based on power and speed nominal from the 
same curve. The next factor is is ratio between final drive and wheel (ffd) by 3.54. The ratio here is between output 
from planetary gear and input to the wheels. The last factor is ratio between electric motor and final drive (fsr) by 
2.48. This factor is the comparison between output from electric motor and input to the planetary gear. Other 
parameter that is also important is wheel radius (Rm) by 0.334 
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Fig. 9.Torque versus speed (km/h) curve from dyno test
3.1. Maximum Torque Point (Front Wheel Torque)
From Fig. 9 we can understand that the vehicle’s maximum torque (front wheel torque) is 40 lb.ft or 54.23 Nm. 
This value is torque reading at the wheels. Based on this value we can calculate the motor’s torque output by doing 
these calculations.
x Wheel torque = curve torque x fpd = 54.23 x 6.31 = 342.19 Nm
x Final drive torque = wheel torque / ffd = 342.19 / 3.54 = 96.66 Nm 
x Motor torque = final drive torque / fsr = 96.66 Nm / 2.48 = 38.98 Nm
At the same point, we can also obtain motor speed for the torque calculated. At this point the vehicle’s speed is 
41.2 km/h or 11.44 m/s. The following are calculations to obtain motor speed.
x Ȧwheel = vehicle speed / Rm = 11.44 / 0.334 = 34.25 rad/s
x Ȧfinal drive  Ȧwheel x ffd = 34.25 x 3.54 = 121.25 rad/s 
x ȦPRWRU Ȧfinal drive x fsr = 121.25 x 2.48 = 300.7 rad/s = 2871.47 rpm ~ 2872 rpm 
So, based on these calculations we know that maximum motor torque is 38.98 Nm at 2872 rpm. The power 
needed by the electric motor to reach this point is 11.71 kW, as shown in the curve.
3.2. ICE Working Point (Engine Turn On)
From the curve above, we can also see the point where ICE starts to work (engine turn on). Based on the 
observation of the curve we know that at this point the torque value is 38.8 lb.ft or 52.61 Nm. By doing the same 
calculations as the previous section we will obtain the torque value of this point.
x Wheel torque = curve torque x fpd = 52.61 x 6.31 = 331.97 Nm
x Final drive torque = wheel torque / ffd = 331.97 / 3.54 = 93.78 Nm 
xMotor torque = final drive torque / fsr = 93.78 Nm / 2.48 = 37.81 Nm 
And the same calculations for motor speed are applied to get the motor speed value at this point. From the curve 
we know that the vehicle’s speed is 47.2 km/h or 13.11 m/s. Based on this value we also can calculate the motor 
speed.
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x Ȧwheel = vehicle speed / Rm = 13.11 / 0.334 = 39.25 rad/s
x Ȧfinal drive  Ȧwheel x ffd = 39.25 x 3.54 = 138.95 rad/s 
x ȦPRWRU Ȧfinal drive x fsr = 138.95 x 2.48 = 344.6 rad/s = 3290.69 rpm ~ 3291 rpm 
 
Based on these calculations we can conclude that when ICE starts working the electric motor speed is 3291 rpm 
and it generates 37.81 Nm of torque. From the curve we understand that at this point the power needed by the 
electric motor is 12.83 kW.
In both of the points discussed above, the electric motor is used only at the vehicle’s initial speed (0 – 45 km/h) 
with small acceleration (~0.32 m/s2), which is the EV mode working range of Camry Hybrid. In this range, based on 
the calculations above we understand that the power needed by the PMSM on the vehicle is about 12 kW. Thus, we 
can conclude that there is no need for large amount of power (~12 kW) if the intended use of the vehicle is only in 
the EV mode working range, which is very small compared to the motor’s factory rating that is 105 kW.
Simulation of the vehicle was done using ADVISOR to understand power splitting between electric motor and ICE 
in Camry Hybrid. The result of this simulation then compared to the result of dyno test power mode, which is one of 
the discussion points in his final project. From the dyno test power mode we understand the maximum performance 
characteristics of Camry Hybrid, with electric motor and ICE are working together. The result of simulation with 
ADVISOR is shown by Fig. 10 and Fig. 11.
Fig. 10.Acceleration torque curve in ADVISOR
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Fig. 11.Acceleration power curve in ADVISOR
Fig. 11.Acceleration power curve in ADVISOR
From these simulation results we can see that when ICE reaches its maximum power, the electric motor’s power 
gradually decreases because the amount of torque needed is also decreasing as shown in the torque curve in final 
drive. At maximum torque, electric motor supplies most of the torque of the vehicle. From the calculations 
performed it is understood that when the vehicle’s power is maximum, the electric motor’s power is maximum at 
71.98 kW with torque is 93.9 Nm at 7319 rpm. And when the vehicle reaches its maximum torque, the electric 
motor’s power is 69.02 kW with torque is 158.02 Nm at 4183 rpm. According to the factory specifications, the 
motor’s maximum torque and power are generated when the motor speed is 4500 rpm or when the vehicle is 
traveling in about 63 km/h. In this test the maximum torque is reached at 60 km/h, meaning the electric motor’s
power should reach its maximum point, which is 105 kW. But from the calculations we understand that this value is 
71.98 kW. This shows that the maximum power needed to achieve the vehicle’s maximum performance is still 
smaller compared to the factory rating (71.98 kW < 105 kW). As in the previous discussion, we can conclude that 
the electric motor used in the vehicle does not need to have large power rating if compared to the performance that 
wanted to be achieved.
4. Conclusion
Based on test results and analysis performed on the Camry Hybrid along with observations made on simulation 
results we can draw some conclusions as follows.
1. Testing on PMSM in Camry Hybrid had been done by running dyno test to understand the electric motor usage 
in vehicle’s hybrid system.
2. In EV mode testing, it is concluded that in EV mode PMSM maximum torque is 38.98 Nm at 2872 rpm with 
power required is 11.71 kW.
3. In EV mode testing, ICE will start to work at a certain point when electric motor reaches 37.81 Nm of torque at 
3291 rpm with 12.83 kW of power required.
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4. Based on observations made on simulation results it is understood that the maximum power of PMSM in the 
vehicle’s hybrid system is 71.98 kW, which is smaller if compared to the motor’s factory rating (105 kW).
For vehicle use in EV mode, which is low speed of the vehicle (0 – 45 km/h) with small acceleration (~0.32 
m/s2), the factory rating of electric motor power (105 kW) is far greater than the real amount of power needed for 
that usage (~ 12 kW).
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